Microwave absorption (MWA) materials such as graphene nanoplatelet (GNP)/epoxy are mostly used as coatings on existing structures without considering mechanical properties. In this work, we aim to enhance the mechanical strength of the composite for multifunctional potentials. We used carbon fiber (four layers) to reinforce GNP/epoxy composite (2 mm thick) and investigated their multifunctional properties with GNP loading from 3 to 7 wt%. We measured the tensile strength, hardness, and MW absorption (26.5 -40 GHz) of composite samples. Our results showed an increase in tensile strength to 109.1 ± 7.9 MPa with 7 wt% GNP in the composite from 15.3 MPa for pure epoxy. The hardness of the composites was also substantially enhanced with GNP loading up to 7 wt%. A MW absorption ratio of 72% was attained for the sample with 7 wt% GNP loading near 40 GHz. The homogenous dispersion of GNPs in the matrix reduces the stress concentration and minimizes the influence of the defects. The high MW absorption and large transmission loss together with enhanced mechanical strength provides a novel multifunctional material for potential applications.
tromagnetic absorption, attenuation, and shielding to protect humans and electronics from external radiation. Wide ranges of applications include satellite communication, TV signal transmission, microelectronic devices, and other applications. Due to rapid growth of electronic industry and electronics devices, electromagnetic interference (EMI) shielding continues to be a serious problem [1] [2] [3] . EMI may interrupt, obstruct, degrade or limit the effective performance of electronics and electrical equipment. External signals or internally generated ones can create stray signals or noise.
Conventionally, in EMI shielding applications, mostly metal-based screening materials were used due to their high electrical conductivity [4] . Traditional EMA materials such as ferrites provide sufficient EMA shielding in many fields. Ferrites composed of ferrous oxide are used to suppress EMI and reduce high-frequency noise levels induced by electromagnetic devices. However, ferrites are heavy and tend to be corroded. There is a continuous demand for the development of effective EMA materials in commercial and civilian applications. Many different materials such as carbon nanotubes (CNTs) [5] [6], carbon nanoparticles (CNPs) [7] have showed their potentials in the field of MWA applications.
In comparison to metals, carbon composites EMI shields are advantageous because they are characterized by low specific weight, high corrosion resistance, simple, and low-cost processing methods.
Traditionally, EMA materials were mostly used as coatings on existing structures. They increased the weight of the structures. In addition, the mechanical properties of the coating materials were not a critical concern, since the aim of the coating was to enhance MWA.
The aim of this work is to improve the mechanical properties of some MWA composites for developing a multifunctional material, which could offer both MWA and mechanical strength.
Graphene nanoplatelet (GNP), made of several graphene layers stacked together, has a lower production cost and better stability as compared to graphene. Because of the excellent electrical, mechanical and thermal properties of graphene, the resulting nanocomposites can be made electrically conductive with improved heat conductance and stiffness [8] [9] [10] . GNP can also be one of those materials possessing the potential as an advanced material for microwave attenuation and EMI shielding applications. It is expected that graphene and GNPs with large aspect ratio and high intrinsic electric conductivity could render great improvement for the MWA of their composites [11] [12] [13] [14] [15] [16] [17] .
In addition, GNP edges offer the anchor sites for improved dispersions to modify polymer composite properties. The MWA of a composite material is usually believed to depend on relative complex permittivity and permeability, impedance mismatch condition, intrinsic characteristics of filler and electric conductivity of the composites [18] . Bai 30 GHz frequency range and 20 dB in the X-band frequency range [21] . Wang et al. [22] reported the minimum reflection loss of GNP-epoxy composites reached −14.5 dB at 18.9 GHz with 15 wt% GNP loading. Further increasing GNP loading, the minimum reflection loss of the composites actually decreases, e.g. with 20 and 30 wt% GNP loadings, the minimum reflection loss became −11.2 dB at 17.2 GHz and (−9 dB) at 13.2 GHz, respectively. Liang et al. tested EMI shielding effectiveness on graphene-epoxy composites over a frequency range of 8.2 -12.4 GHz (X-band). They achieved 21 dB shielding efficiency for 15 wt% loading of graphene at 8.2 GHz [20] . A chemically reduced graphene (2.6 vol.%) in poly-(ethylene oxide) composite exhibited high MWA capacity [19] .
In order to make aircrafts more fuel efficient, the material used for their fabrication needs to be lighter. Carbon-filled polymer composites are lighter than metals, and have the potential to be just as strong as metals. Thus, finding a GNP/polymer composite with high MWA capacity and suitable mechanical properties is an attractive subject. The aim of this work is to improve the mechanical properties of some MWA composites for developing a potentially multifunctional material, which could offer both MW absorption and mechanical strength. To the best of our knowledge, very few experimental or theoretical works have explored these multifunctional properties of GNP composites for enhanced mechanical and MWA properties. In this work, we fabricated GNP/epoxy composites reinforced by using carbon fibers (CFs). We investigated the tensile strength, hardness, and MWA properties in a frequency range of 26.5 -40 GHz for these composites. The composites show a good MWA with acceptable mechanical property, which may have the potential as a light weight EMI shielding structure material without a need of additional coating.
Experimental

Materials
3K plain weave CF fabrics were obtained from Fiber Glast Development Corp. (Ohio, USA). GNP powders were acquired from Cheap tubes Inc., USA. The GNPs are made by dry plasma exfoliation of graphite, friable to 4 atomic layers with an average thickness of 8 nm. The epoxy matrix used in this experiment consists of an epoxy resin #300 and a non-blushing cycloaliphatic Hardener #21, supplied by Aero Marine Products Inc. USA. MS-122AD release agent acquired from Miller-Stephenson Inc. USA is specially used for releasing composite from the sample mold.
Fabrication Process
The GNP/CF/epoxy composites were fabricated by a laying up process. First, 3 Open Journal of Composite Materials -7 wt% loading fraction of GNPs were mixed with epoxy resin (Aero Marine #300) in a beaker. A hot plate magnetic stirring machine was used to carry out this mixture for one hour at 120 rpm and at a temperature of 90˚C. The purpose of using a relatively high temperature was to reduce the viscosity of the epoxy for a more homogenous dispersion of GNPs in the epoxy resin. After the mixture was allowed to cool down, Aero Marine hardener #21 with half the mass ratio of epoxy resin was added to the mixture and stirred carefully for about 10 minutes to avoid introducing air bubbles. Then the CF fabric is cut to the length (177.8 mm) and width (25.4 mm) of the rectangular mold used. Release agent (MS 122 AD) was sprayed onto the sample molds and allowed to dry for 15 minutes. This action would aid the removal of the sample from the mold after it has been cured. Finally, the hand lay-up method was employed. In this method, the GNP/epoxy mixture solution was injected into the sample mold and four plies of CF fabric were manually impregnated into the matrix solution in the mold. The mold with its content was then transferred to an oven for curing at 75˚C for 12 hours. The sample was removed from the oven and allowed to cool for another 12 hours (Schematic view). We fabricated five groups of the composite samples: 1) epoxy and hardener resin only; 2) CF/epoxy composite without GNP; 3) 3 wt% GNPs/CF/epoxy composites; 4) 5 wt% GNPs/CF/epoxy composites; and 5) 7 wt% GNPs/CF/epoxy composites.
Material Testing System (MTS)
Tensile strength measurements were performed on eight specimens for each sample group according to ASTM D3039 [ASTM D3039/D3039M-00, American Society for Testing Materials standards] [23] . A MTS test machine (Model QTEST 150) equipped with a 150 KN load cell as shown in Figure SI -1 was used. This floor instrument consists of two parts: the load frame and the Elite control system. Computer workstation and Testworks software are coupled with this instrument. The composite laminate was inserted into the grip jaws of the load frame section of the equipment while the Elite control system was used to control the movement of the load cells in upward and downward direction when needed. The results and data from the testing machine were displayed on the computer workstation using the Test works 4 software, which is a versatile software and simplifies test setup and increases test data reliability and repeatability. 
PNA-L Network Analyzer
Figure SI-3 shows the Agilent 2-port N5230 C PNA-L microwave network Analyzer (Agilent Company, USA). This instrument was used to measure the microwave scattering parameters (S-parameters) and a 85071E material measurement software was used to analyze the MWA properties. A waveguide method was used for the measurement of the MWA properties in the frequency range from 26.5 to 40 GHz for the composite samples (size: 2 mm in thickness, 7.0 mm in length, and 3.5 mm in width), which were cut from each group of the samples after tensile test. Measurements were done at room temperature. Microwave signal is incident on the composite sample, part of the signal is reflected, and some of it is absorbed as heat by the material while the rest is transmitted to the other port. The scattering parameters were used to compute the absorption properties for the microwave analysis.
TEM and SEM
Transmission electron microscope (TEM) (JEM-1400) with an acceleration voltage of 120 kV was used to record the images of the sample for microscopic structure analysis. This model features high resolution and excellent TEM analytical performance, and a simplified graphical user interface (GUI) with multi-touch screen for maximum ease of use. For all samples, scanning electron microscopy (SEM) images were taken with (JSM-6610LV, JOEL. Japan, at voltage 15 kV) equipped with energy-disperse secondary analysis system (EDS) (EDAX, USA).
Hardness Test
The hardness test was carried out using a Hardness machine (LECO Corporation, Michigan, USA). According to ASTM D 785 standard, the specimens were Open Journal of Composite Materials prepared for Rockwell-B hardness test. Indenter was 1/16-inch-diameter (1.588 mm) steel sphere with preliminary force of 98.06 newtons (10 kg-force) and total force 980.6 newtons (100 kg-force) for Scale B measurements. The specimen size was 25 mm in width, a length of 50 mm, and thickness at 2 mm. First, the specimen was cleaned to remove impurities and irregularities. The test was performed on the side that had the best smoothness and homogeneous surface. The tests were done on flat surfaces to ensure good seating on the anvil and thus avoid the deflection that may be caused by poor contact. The specimen was placed on a hard, horizontal surface. The durometer was held in a vertical position to the sample surface. For each specimen, we performed 20 hardness tests and took the average values in the report. Tests conducted in laboratory atmosphere of 23˚C [73.4˚F] and 50% relative humidity.
Results and Discussion
X-ray diffraction (XRD) patterns of GNP and graphite powders are shown in Figure 1 (a). The sharp peak at 2θ = 26.2˚ is the characteristic diffraction signal from graphitic interlayers (002). The peaks at 42.20, 44.35 and 56.61 of 2θ were assigned to the (100), (101) and (004) planes, respectively [24] [25] . The broadening of the peaks around 26.2˚ and 44˚ in GNP sample is due to the decreased graphitic particle sizes. Figure 1(b) shows the TEM images of typical GNP powder. It is seen that the GNP consists of a few stacked graphene layers. The average size of GNP is a few hundred of nanometers. Figure 1(c) shows the SEM image of the untreated CF, which has a smooth and neat surface. After addition of GNPs, Graphene nanoplatelets are grafted onto the CF surface in the composite and increase CF surface roughness (Figures 1(d)-(g) ). The influence of the presence of GNPs in the CF/epoxy matrix has been examined in two different categories: 1) mechanical properties including tensile strength and hardness; 2) MWA and transmission properties.
Mechanical Properties
Tensile Test
For the tensile test, failure modes and locations of the specimen were photographed and recorded after tensile testing in accordance to the ASTM D3039 [23] . A standard three-part failure mode code is used to analyze the tensile test failure, which was based on the characteristics of type, area and location as shown in Table SI-1, Table SI-2 and Table SI -3. The tensile strength of eight specimens for each sample group obtained from mechanical tests and their corresponding failure modes are shown in Table 1 . Table 1 also shows the mean values with standard deviation of the tensile strength for each composite group. All composite samples have four layers of 3K plain weave CF fabric in 2 mm thickness. As a comparison, the data of the tensile strength of pure epoxy with hardener is also included in Table 1 . LGB (4 Specimens) AGM (3 Specimens) LIT (1 Specimens) CF/epoxy without GNP 85.9 ± 17.4
LGT ( LGM (4 Specimens)
LGT (3 Specimens)
The tensile strength of polymer composites also depends on the properties of nanoparticle-matrix interaction, in addition to the CF fabric used in the composites. For example, when the particle size decreases to the nanoscale, the specific The addition of GNPs to the composite increases the crack propagation resistance of the matrix and the interfacial stress transfer between CF and matrix during tensile testing [28] . In addition, the homogenous dispersion of GNPs in the matrix reduces the stress concentration and minimizes the influence of the defects. All specimens/tab bonded regions of the specimen were evaluated after tensile testing. It was observed that no failure occurred due to shear or deboning in the interface between composite and laminate tabs. Although, some speci- GNPs into the composite, the tensile behavior of the samples apparently exhibit different levels of enhancing trend when compared to the baseline pure epoxy.
We could infer that 7 wt% GNP/CF/epoxy composite demonstrates better stiffness and toughness as compared to other samples. The GNP/CF/epoxy composites imparted a brittle failure shown by the sudden drop in the load after attaining the peak load and a decrease in load, while a ductile manner was exhibited by pure epoxy.
Hardness Study
We extended our investigation on the improvement of mechanical properties of the composites upon the addition of GNPs. The hardness of the composites was also studied by applying an indentation load normal to the surface. The effect of GNP loading on the Rockwell B hardness of the materials illustrated in Figure 3 .
Additions of GNPs to the composites substantially enhanced the hardness property of the composites. Hereupon, modifying epoxy materials with the integration of nanofillers as a second micro phase can improve the resistance to crack initiation which activates during the curing treatment process. This combination exhibits a high strength, low density, high stiffness, high hardness, and low cure shrinkage [29] [30] [31] [32] . GNP acting as a nanofiller contains tightly packed carbon atoms with a combination of the σ-and π-bonds which has strong stability [33] , with an intrinsic tensile strength of 130 GPa and a Young's modulus (stiffness) of 1 TPa (150,000,000 psi) [33] . GNP has a high specific surface area which can increase the contact surface area between epoxy and graphene nano plates resulting in an improvement of the mechanical properties of this hybrid composites [34] . Large contact areas tend to decrease interfacial resistance between nanofillers and matrix materials rendering high strength and hardness [35] . Furthermore, not only GNP can improve the mechanical properties of epoxy, but also it can enhance the interfacial interaction between CF and the matrix. The untreated CF has shown in Figure 1 (c) has a smooth and neat surface. Addition of GNP can cause CF surface roughness due to grafting Graphene nanoplatelets onto the CF surface (Figures 1(d)-(g) ). This can significantly increase interfacial bonding strength by increasing the fiber surface area and enhancing mechanical interlocking between the fibers and the epoxy matrix [36] [37] . Due to the π-π conjugated electronic structure in graphene sheet, graphene can act as nuclei of hydrocarbon molecules [38] . Specifically, the sp2 hybridization formed big π orbitals attract similar structured small polyaromatic molecules by Van Der Waals forces in the direction that vertical to the surface of graphene [38] . It means that graphene sheet on the surface of CFs can induce the ordered deposition of pyrocarbon (high texture matrix) around CFsurfaceleading to enhancements in the resistance of micro-cracks in the interface and matrix [38] . Furthermore, the number of de-bonded fiber-matrix regions around matrix cracks can be reduced after the addition of GNP, that leads to improvement in the fiber/matrix interface bonding strength of the composite and higher tensile strength and hardness of the sample.
Microwave Absorption Properties of the GNP/Epoxy/CF Composites
The MWA properties of composites depend on various factors such as complex Open Journal of Composite Materials permittivity, permeability, electric conductivity, and the condition of impedance mismatch of the composite [18] . When microwave signal is incident on the surface of a material, some of its energy is reflected, absorbed, and transmitted. The absorbed energy creates a heating effect in the material, when the electromagnetic field interacts with the atoms and molecules in the material [39] . In this work, we used a vector network analyzer (Agilent N5230c, USA) and 85071E material measurement software to study the MWA properties of the composite.
The absorbance (A) also known as the absorption ratio, is calculated from the measured scattering parameters. The absorption ratio is a measure of the MWA capability of the material. The higher the absorption ratio, the better the MWA ability of the material is. In this work, we obtained the absorption ratio of the GNP/CF/epoxy composites samples to the microwave radiation over a continuous frequency range of 26.5 -40 GHz. 
Conclusion
In this work, we fabricated GNP/CF/epoxy composites with GNP loadings from 3 to 7 wt%, CF/epoxy composite and pure epoxy. The measurement results show that the tensile strength of the GNP/CF/epoxy and CF/epoxy composites strongly depends on the CF (four layers used in this work) and the GNP loading.
The tensile strength of 109.1 ± 7.9 MPa was obtained for the sample with 7 wt% GNP loading and four plies of CF fabric ( Figure S11 ). In addition, the hardness of the composite has been improved upon addition of GNP content. The mechanical and hardness tests show that the composite with a high (such as 7 wt%)
GNP content improves the mechanical strength of the texture due to the im- The figure shows that the tensile strength of pure epoxy is quite low at about 15.3 MPa. Introducing four layers of CF into the epoxy resin, the tensile strength of CF/epoxy composite was drastically increased to about 85.9 MPa, leading to a factor of 5.6 increments. When GNPs were added to the composite, tensile strength was further increased to about 100 MPa, as compared with CF/epoxy composite sample.
